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ABSTRACT

In this thesis, the field and propagation characteristics of many
dielectric waveguide structures that are of direct importance to the
areas of millimeter-wave integrated circuits are studied. A rigorous
method of analysis of the propagation constants and the field distribu-
tions of a newly developed suspended H-waveguide based on the mode
matching techniques is described. The derived eigenvalue equation
for determining the propagation constant of this waveguide structure
is very general and can be applied directly to other planar dielectric
structures of rectangular cross section. However, for applications
where only approximate values of the propagation constants
are necessary, simple effective parameter approximations are employed.
Even though the effective parameter approximations do not provide very
accurate results for the propagation constants in some cases, they

always provide useful information on the whereabouts and the existences

of certain modes which, in turnm, can be used as the initial values for |
iterating in the more rigorous mode matching technique. As‘frequency
increases, the values obtained by the effective parameter technique
approach those obtained by the mode matching method.

The loss characteristics of a suspended H-waveguide are also

: analyzed. The overall low loss figure of this waveguide structure

. e T s e e L .
o TOPRCIPUE NAUT SUN WU MR WA W Sy Sy S | PRSP Sy ST N W R Al e PYRE VRN SRR et - J
e




A I A e
A

COME IR |

promises wider applications in the millimeter-wave integrated
circuits.

Finally, some essential integrable dielectric components, such
as the dielectric resonators and the leaky-wave antennas,are studied.
A theoretical formulation of the eigenvalue equation based on the
spectral domain approach for determining the complex propagation
constants of a slot leaky-wave antenna array constructed from a sus-
pended H-waveguide is presented. A technique for improving the
radiation characteristics of an image guide leaky-wave antenna is

also described.
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. 1. INTRODUCTION

The renewed interest in the millimeter-wave spectrum is due
primarily to the recent advances in the development of solid state
devices up to 300 GHz. Attempts have been made to utilize microwave
technology in the millimeter-wave frequency range but only with
limited successes. The conventional metal waveguides become very
lossy and more difficult to fabricate as the wavelengths become
shorter. Extremely tight surface tolerance requirements of metal
waveguide components at millimeter-wave range contribute to the high
cost of conventional systems. Microstrips and other forms of printed
circuits have been used successfully at the lower millimeter-wave
range [1],({2]. However, in the upper millimeter-wave bands, the ex-
treme miniaturization of.the center metal strip or the slot (in a
slot-line) makes fabrication very difficult. The dielectric sub-
strate thickness must be very small to avoid higher-order modes.

The microstrip lines also suffer high metal loss due to the high
concentration of the current density on the metal surfaces and near
the edges of the metal strips. This has led to the investigation of
alternate forms of low~loss low-cost dielectric-based waveguide de-
signs suitable for integrated circuit applications at the millimeter-
wave frequency range.

Several types of dielectric waveguide structures are currently
available as the guiding medium for millimeter-wave applications,

such as image guide (3], insular guide [4], H-guide [5], and trapped




image guide [6). In this thesis, another form of dielectric wave-
guide structure is presented--the suspended H-waveguide.

This suspended H-waveguide is similar in many ways to other
waveguide structures. It consists of a guiding dielectric core with
dielectric constant €,y sandwiched between two low-loss dielectric
layers of dielectric constants € and €g (see Fig. 1). The dielec-
tric arrangement is then shielded to obtain a closed structure. In
practice, these two insulating dielectric layers are metal-cladded
dielectric sheets which are commefcially available. Since €9 > €1
€39 most of the electromagnetic energy is carried in the guiding
dielectric core, and therefore, the conductor loss is smaller than
for the microstrip or image guide. Compared with other dielectric-
based guiding structures mentioned above, the suspended H-waveguide
enjoys a rigid mechanical support due to the metal enclosure. Also,
the radiation loss is probably less than for other waveguide structures
due to the closed metal walls. For this same reason, cross-talk
among circuit elements can be eliminated. Presently, most of the com-
mercial dielectric-base millimeter-wave ICs are shielded, hence, the
metal surfaces around the suspended H-waveguide become a natural
enclosure. Note that the side walls can be removed if the separation
between the dielectric core and these walls is large enough. This
allows the adjustment of the relative locations of the dielectric
core and other components in the circuit without removing the top
dielectric layer. The metal enclosure also allows plenty of ground

for dc biasing in solid state applications. Ferrite applicatious,
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such as the phase shifter or field displacement isolator,can readily
be integrated since the top and bottom metal plates can be used to
support a dc magnetic field. Bonding between dielectric materials may
not be needed since the metal enclosure will secure all dielectric
layers tightly in place.

Like any other oversized shielded waveguide structure, higher-

order modes may arise. This situation may not be desirable for many
applications. However, due to the unique structural arrangement,
dielectric resonators can be used to eliminate the unwanted modes.
Section 5.1 describes the designs of some modified dielectric reson-
ators which can be used in circuits that employ the suspended
H-waveguide.

In order to obtain reliable design information for the designs
of both active and passive components derived from these waveguides,
accurate theoretical predictions of the field and propagation charac-
teristics must be available. A number of theoretical studies on the
propagation properties of certain dielectric structures have been
presented in the literature based on the effective permittivity and
permeability [4],(7]1-[9]. These methods are simple and usually pro-
vide reasonably accurate propagation information. However, they do not
provide information on complete field distributions, and hence, cer-
tain loss characteristics. A rigorous mode-matching technique based
on the field expansion in each subregion of the guide cross-section
and the subsequent matching of the fields at the dielectric interfaces
appeared recently in the literature [10]-{14]. Peng et al. [15]

proposed a similar approach using the transverse resonant procedures.
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In this thesis, a similar mode matching technique is applied to
the investigation of the suspended H-waveguide. All relevant charac-
teristic equations for the propagation constant of the waveguide
structure are given. It will be shown later that the field and pro-
pagation characteristics of other dielectric structures, such as image
guide and insular guide, can be obtained directly from the formulation
of the eigenvalue problem of the suspended H-waveguide. For generality,
a coupled suspended H-waveguide is analyzed, which can then be easily
reduced to a single H-waveguide.

The loss characteristics of this waveguide structure are included
in Chapter 4. Some components derived from the suspended H-waveguide

are described in Chapter 5.




2. METHODS OF ANALYSIS

2.1 Mode Matching

2.1.1. Suspended H~Waveguide

The cross-section of a coupled suspended H-waveguide is shown in
Figure 2a. For generality, the thickness of the top and bottom layers

3

h and their respective dielectric constants € and ¢, are different.
The width and the height of the dielectric core are 2w and 2h, respec-
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tively. The locations of the top and bottom conductor walls of the

guide are d and 1. Because of the symmetry of the structure about
the x = -a plane, even and odd modes can propagate in the coupled
structure. The analysis of the coupled lines can then be reduced to
that shown in Figure 2b where a perfect conducting (pec) wall implies
odd mode propagation, and a perfect magnetic conducting (pmc) wall
implies even mode propagation. For a = b, the coupled line reduces
to that of a single uncoupled structure.

The analysis using the mode matching technique can be applied by
separating the cross-section into five subregions (I)-(V). The fields
in each region can be appropriately expanded in terms of regional
eigenfunctions which satisfy the boundary conditions at the conductor

walls. It is well-known that an infinite set of discrete modes is

supported by an enclosed metal structure. Of these, only a small
! number of surface waves exist. The remainder are discrete higher-
order modes some of which are propagating and the rest are below

cut-off.

.
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Figure 2. (a) Cross section of the coupled suspended H-waveguide.

(b) Structure adopted for analysis.
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The total fields are derived from the Hertzian potentials He
and Hh which have a single x-directed component [16]. The relation-

ships between fields and potentials are:

E=VxVxO = jou 7xI (1la)

h

H = jue ¢ (1b)

ofi Vxne+ Vv x 9V x1I

h

where € 1 is the relative dielectric constant of each region. 1 e and
II.n are referred to as longitudinal-section electric (LSE) mode and
longitudinal-section magnetic (LSM) mode, respectively. Assuming that
the propagation is in the z-direction, the field potential eigen-

functions can be expressed as follows (exp(-jkzz) suppressed for

clarity).
Region 1
N (cos (k(,;)(x+a)]
1 - I a J ‘ sin{k(l)(y-d)]/sin[k(l)(h-d)]
e a=0 © ( (1) ] yn yn J
‘sin kan (x+a) (23)
r {
M sin fcg;) (x+a)]
iD= 7 s J : cos[i(l)(y-d)]/cos[k(l)(h-d)]
=0 " i(l)( +a) ym ym
<:osL o XH8 (2b)
Region II
N ' [ \ 3 )
(2) (2) (2) (2) (2)
ne = ngl LC cos[k x‘ + Dn[sin kxn xJ sin[kyn y]/ sin{kyn h]

N' ( 1 y )
+ nzl LC& cos[k}(nzl)xJ + Dt'l(sin k)(“zl)x cos [k)(vrzx) y ]/cos (k)("z\)h]

/

s

(3a)
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{.
E 9
Y @ _ v @) -2 )] 2 ()
T Y |E sin[k x) +F cos[k x] cos[ }/cos[ ]
m=1
+ Z [E' sin[ﬁ;i)x] +F' cos[E(z)x‘] sin[ﬁ(z) ]/ in [ (2) ]
m=l m ) ym ym
(3b)
Region III ( \
N cos[k;i)(x+a)
H§3) ) K rsin{ksi)(y+l)]/sin[k§2)(-h+1)}
n=0 sin[k(3) (x+a)1
S48 *xn (4a)
M xin[ii:)(x+a)
né3) = Z Ih; rcos[iéi)(y+l)]/cos[i;i)(-h+l)]
m=0 Lcos[iii)(x+a)l (4b)
Region IV
cos[ (4)(x+a)] (4) (4)
@ _ V) s*“(“yn 7 .°°s[“yn ”]
e~ Zl L@ [ (% RN * Ky
o sin[ (x+a)] sin yn ] cos yn ]
(5a)
(4) - -
w o [ E)) [ fion)  aafi®y)
= 1 . oy * Ha i@
m=1 cos[ ( )(x+a)] n cos(k h] m sin(k h]
’ (5b)
Region V

Hés) = ¥ cos[kii)(x-b)] L

-




~~~~~~~~~~~~~~
..............................................

~{(5) =(5)

M! - cosik y} sinlk y]

n}(ls) -3 sin[k(s) (x-b)] J [5%“5') + 3 [_5(";) (6b)
m=1 xm m cos(k h} m sin(k h]

These potentials have been chosen in such a way that the correspondent
fields will satisfy all boundary conditions at the metal walls. In

(2)-(6), kii) and k;i) (1 =1,2,3,4,5) are the transverse wavenumbers
for the LSM modes, and i(i)

x
modes. In (2), (3) and (4), the upper line in the brackets implies

and ﬁii) (1 =1,2,3,4,5) are for the LSE

a pec wall at x = -a, while the lower line implies a pmc wall. The
addition of the denominator terms in these potential functions greatly
simplifies the final expressions of the eigenvalue equations obtained
from the enforcing of the continuity conditions at the y = h and ~h
interfaces. An exact solution for the propagation constant and the
field expressions can be obtained i1f N, N', M and M' are infinite.
However, in practice, one must limit these values to finite numbers for
numerical computations.

To satisfy the boundary conditions at both side walls, the trans-

verse eigenvalues in regions I and III are given as follows.

odd modes (pec at x = -a) even mode (pmc at x = =-a)
1)y (3
k , k nll 1, 1 -
xn Xn =+ 5 (n + 2) 245 0 0,1,2...
)
~(1) =(3) mll 1, I =
km P kxm a + b (m + 2) a+b ,» M 0’1,2...

These odd (antisymmetric) and even (symmetric) modes are decoupled

from each other and can exist independently in the coupled structure.
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m ‘ Furthermore, separate eigenvalue equations for Eii) and fc)(‘i) (i = 2,4,5)

are obtained independently not only for LSE and LSM modes but also for

the fields which are even and odd about the y = O plane.
Matching the tangential field components, which are derived from
(1), across the interfaces at x = tw, for -h <y < h yields different

eigenvalue equations for k’(‘i) and Ef‘i):

pec wall at x = -a

cos (A) {xi cos (B) sin (W) + X sin (B) cos (W)}

(8)
+ x5 sin a) {x3 cos(B) cos (W) + X4 sin (B) sin (W)} =0
pmc wall at x = -a
. X5 €08 (4) {x3 cos (B) cos (W) + X, sin (B) sin (W)}
(9
- gin (A) {Xl cos (B) sin (W) + Xp sin (B) cos (W)} = (
where all parameters in Eqs. (8) and (9) are given as follows:
LSM modes LSE modes
A 1) (cwta) k) (cra)
B kg) (w=b) Eg) (w-b)
W 2Dy 2Dy (10)
Xo -1 -E}g) /Efci)
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LSM modes LSE modes
X3 1 1
X4 € kii)/kii) Eﬁgli;i)
=(2) =(&)
Xs 1 ko ko
and
2 2 2 2
2_.2, W ¥ 2 -
eykg =k + ko ko kp + kg + ko (11a)
[
2 2 2 2
2.2 ,,@° @2 @ @
Spkg =k + gy ko Ry + R R (11b)
2 2 2 2
2 _ .2 (3) MN* .2, 03 ~(3)
e3k0 kz + k’m + kyn kz + km + kym (11c)
2 2 2 2
kg TN G AL ) R R A S (Y (114)
z xn yn 2z xm ym
2 2 2 2
2.2, (%, 2 9% (5
ko kz + km + kyn kz + km + kym (1le)

Also, by a simple comparison when applying the continuity conditions,

it was found that the following relations hold:

MG ¢ I ) R (12a)
yn yn yn yn
i(4) - i(z) - (5 _ e (12b)
ym ym ym ym

There exist an infinite number of solutions for the eigenvalue

equations 78) and (9). If all solutions are taken into account, the




Lt and T, T
AL L e e A e e on] S e

T

w
"L

13

expressions for the potentials in regions II, IV and V form a
complete set to represent an exact field distribution in these regions.
Each solution constitutes an eigenmode which represents a particular

(@ i@
X

eigenfunction. and kx are always real which implies a trans-

verse standing-wave within the dielectric core,whereas kii) and Eii)

(1 = 4,5) can either be real or imaginary. The imaginary values repre-
sent the modes that decay exponentially away from the dielectric core.
For each mode, the relations among the unknown coefficients of the field
potentials in regions II, IV and V are obtained. For a reason which
will become clear later, these amplitude coefficients are expressed in
terms of those in region V. In other words, all unknown coefficients

of regions II and IV now are represented by those in region V.

For an LSM mode, the following relations hold:

Cn In
- g(C-D (13a)
n
(o I
\ n 7/
( Dn ) r In ‘
- Kt(‘D-I) (13b)
D! I'
[ ) | )
(¢ ) (1 )
n n
- g6 (13c)
n
G! I'
L n / \ J
where
k(2)
gD .1 —%%7 cos{k(s)(w-b)] (14a)
n oM kxn xn
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(4)
(2) cos[k (-w+a)
K(D-I) - 1 - kxn xn

n A (4)

cos[kii)w}
LsM 27xn sin[kiz)(-w+a)

o

J

PN

sin[k(a)(-w+a)]
xn (2) (5)
sin kxn w|| cos kxn (w-b) (14b)

(
-cos k(a)(-w+a)]
| xn
( 1
sin(ki:)(-w+a)]
K(G-I) = - . ) t cos [k(z)w}
a AsM xn

L -cos k’(c::)(-—w-l-a)1

\

¢ 9
k(2) coskki:)(—w+a)
xn F;

xn ___ (2) (5)
+ - k(a) ) @ ’+ sin[kxn VJ cos[kxn (w-b)]
2" xn s:I.nkan (-w+a)“ (14c)
sin{kiz)(°w+a)]
o = €2 sin Zk(z)w]
[ (4) ] xa
-coslk (-w+a)
Xn

k(2) cos[ki:)(-w+a)
Xn

(2) ]
- cos|{2k “'w (14d)
k4 (%) [ Xn
xn |sin|k (=w+a)

Likewise, for the LSE modes, the relationships among the unknown
complex coefficients in regions II, IV and V are
Em Jm
- K(E-J)
m

(15a)
E& Jé
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(F, ] ( 3 )
- I<(F-J) (15b)
m
F! J!
m J \
r H.m 9 r Jm 3
= K;H_J) (15¢)
H' J!
m P \
(E-J) 1 E(Z) (5)
E-J xm ~ o
Km —ALSE E“) sin[km (w b)] (16a)
xm

gF=0 1

m O 3
ALSE l"xm cos {ES;) (—wt+a) J
cos [ﬁ;:) (-w+a) ] W
+ cos [i(z)w] sin[ﬁ(s) (w—b)} (16b)
(.. (4) Xm Xm
l-s:ln kxm (=wta)
L J

(
cos [E(l‘) (-w+a)]
g0 1 xm

" “LsE —s1n &) (cwta)
L Xm

z(2) |sin [fc}(‘:) (-m)]
xm

cos[k(z) sin[ig)(w-b)] (16¢)

+ ——
~(4) Xm
kxm cos [E,(‘:) (-w-!-a)]
and
cos [i,(:;) (-w+a)] E(Z) rs:Ln [l:i:) (-w+a)]
b sg ™ sin [Zk}(mz‘) w} + :%:_)- 4 cos Zﬁii)w]
sin [E(a) (-w-i-a)] 1‘xtn cos (12(4) (-w-o-a)]
Xxm \ Xm

(1l6d)
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In (14)-(16), the upper line inside the brackets applies to the
pec wall at x = -a (odd modes), and the lower to the pmc wall (even
modes) .

The total fields of the composite structure and the longitudinal
propagation constant can now be obtained by matching the tangential
field components at the plane y = th. In order to satisfy the boundary
conditions for all modes, the tangentials Ex’ Hx’ Ez and Hz must be
all taken into consideration. Using Eqs. (1)~(6), the resulting
eight equations are shown in Appendix A. These equations shall contain
the x-dependence which is different for each region. The x-variation
in each expansion function in regions I and III is chosen to be a
sine or cosine type harmonic function to simultaneously satisfy the.
boundary conditions at both side walls. By appropriately multiplying
these functions with either sin[k’(‘i) (x+a)) or cos[k}(:i) (x+a)], i=1,3,
where kii) are given in (7), and integrating over x from -a to b and
using the orthogonality properties of these expansion functions, a
system of homogeneous linear equations with unknown coefficients
A B Ko Lo, L, I;. J, and J; is obtained. To reduce the total

number of equations, A_, Bm, Kn and Lm’ which were derived from Egs.

n
(A-1), (A-2), (A-5), and (A-6), will be substituted into the remaining
four equations. Assuming an equal number of LSE modes in all regions
(i.e., M = M'") and also an equal number of LSM modes (i.e., N = N'),

the reduced system 2(N+M) homogeneous linear equations with unknown

] \J .
coefficients In, In’ Jm and Jm become:

- A_a ae A oa malmtatatlaetatar 2. 4.8 a.a = . e e e . -
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L)+ [e K2 - k(Z)—’]Pn(”) Iy + 1)

M E(l) tan(i(l)(h-d)J
- Ju

Qm(u) - kym tan(kymh) Um(u) J

o 2 m
m=ljleg ,2 ~(1)
lko - kxu ) J
:‘_ M E}(’l) tan[i)(,l)(h-d)] . i
E? + wu L ; ~(1)2 Qm(u) + kym cot(kymh) Um(u) Jm = Q
L {e k® -k } J
lo XU
n
(1) [ (1)
N ek “cotlk "/ (h-d)| P_(V)
we Z k n cot(k _h) Rn(v) S o b AJ 3 ] L I
n=1| ¥ e I ¢)) ?
10 X
(1) (1) ]
N ek cot|k '/ (h~d)| P (v)
- We z k_ tan(k h) R (v) + 1 yv [ A4 3 L 1
O pm1] M ya = n 2 - n
e1 o] XV
-1
~(1)
M kxu Qm(u){ }
+ 1 ks (u) + (J, +33) =0 (18)

'y
o

2
m=l 2| O 2 ~(1)
slko - kx
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-1
g k(3){ } P (v)
I ok [T (V) + L (-I_+1")
z 2 n n
n=1 [ 3k.2 k(3) ]
[o] XV
ML - (3)tanté3)( h+l)J
+ wp m-z-l kym tan(kymh) U, () + — Q| I
e3k -k ]
L [+ Xu
Mo - l:éz) tan [E)('z) (-h+1)]
k k_h - .
+ wu le cot (k h) U (u) —— Qu(w| J2 =0
e3k -k
o X (19)
1§ cot[k(3)cot k(3)( h+1)]
WE k cot(k _h) R _(v) + P (v)
0 o ¥m yn n [e k2 (3) ] n
KN xv
N e3k(3)coc[ 3) h+1)]
+we ] [k tanCk B) R (V) - J* L P_(V)]| I!
n=l} ¥ AN C))
E3 o XV
()
=(3)
M k ='Q (u)
+Zk5(u)+;1 W (g -3l =0 (20)
m=1 2 ~(3)
Le3k° kxu ]

where

v o= O’OO.N-I
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1,...M for pec wall

0,...M=1 for pmc wall

The upper value in the brackets applies to the pec wall at x = -a,
while the lower line applies to the pmc wall. Pn(v),...,Um(u) are

the coupling integral terms relating the regions [11], and are shown in
Appendix B. The zeroes of the determinant of these 2(N+M) x 2(N+M)
homogeneous equations are the longitudinal propagation comstants kz's
of the composite waveguide structure. In (17)-(20), kii), kgi), ~(i)
and R(i)

y
amplitude coefficients An....,Lmarefound within a constant multi-

are related to kz according to (11). For each kz, a set of

plicative factor and, hence, a complete description of the total field
in the guide via the potential functions. It should be mentioned that
the approach to formulate the eigenvalue problem for determining the
propagation constant of the suspended H-waveguide described in this
section can also be extended to other more complicated structures whose
shapes and boundaries are rectilinear and parallel to either the x-

or the y-axis [10].

2.1.2. Related Planar Dielectric Waveguides

The system of homogeneous equations derived for the suspended
H-waveguide can directly be applied to other popular rectangular
cross-section dielectric waveguide structures as shown in Figure 3.

Since the expansion functions of the potentials in the dielectric

core region of the suspended H-waveguide are composed of both symmetric
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- Rectangular
Guide (€1)

Dielectric
Strip (€1)

+———Dielectric
Guide

Other dielectric waveguide structures:
(a) Dielectric rectangular guide. (b) Image guide.
(c) Insular guide. (d) Partially-filled dielectric

trough waveguide.
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and antisymmetric functions with respect to the y-axis, only a portion
of (17)-(20) ié ﬁeeded to calculate the propagation constants of the
waveguide structures shown in Figures 3a, 3b, and 3d, whose physical
ground planes coincide with the y-axis. (The rectangular dielectric
guide is equivalent to an image guide with twice the aspect ratio of

the dielectric guide.) To analyze these structures, the top dielectric
layer (el) is replaced by free-space, and the top metal ground plane

is moved further away from the dielectric core to minimize its effect
on the propagation characteristics. By rearranging Eqs. (17)-~(20)

into a matrix form, it is easy to isolate the symmetric and nonsymmetric

parts, i.e.,

r \ ( In \
M M
1 2 Jm
=0 (21)
I
M, M, I
L JL m j

All coefficients of the matrix in (21) are given in (17)-(20).
The amplitude coefficients with subscript n represent the LSM modes,
and subscript m the LSE modes. A quick observation reveals that the
equations that correspond to the coefficients of the submatrix in the
first or third quadrant of expression (21) are indeed the eigenvalue

equations of the structures shown in Figures 3a, b and d, i.e.,

In
[ “1] =0 (22)

‘a . I : A e “. . . . .
s R LIS N N R 4 ‘a'a. s’ x e & »a alalalaala.m’a 3 -0 < oa. a'aaeaa a LN
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The analysis has so far been for a coupled structure. It can be
reduced to that of an uncoupled guide simply by moving the left side
wall (at x = -a) io infinity. However, in actual calculation, the
left side wall will be moved up against the dielectric core,since in
a single guide, the fields can also be even or odd with respect to
their centers. A pmc wall at x = -w will generate a family of even
modes in a guide whose total width is now 4w. Likewise, a pec wall
at x = -w corresponds to a family of odd modes with respect to this
new guide center. By doing this, the computation can be minimized
since the number of LSE and LSM eigenmodes necessary to satisfy the
continuity conditions at interfaces of regions increases with increas-
ing ratio (a+b)/2w. Further discussion on this subject is given in a

later section along with numerical results.

2.2 Effective Permittivity and Permeability Approximations

The mode matching technique described above will yield accurate
results for both the field descriptions and the propagation con-
stants if enough terms are taken into account. This procedure is
quite involved, and unless enough terms are used, the final results
may be in doubt. For many practical engineering applications, where
only sufficiently accurate values of kz are necessary, the "effective"
permittivity or permeability approximation or a combination of the two
is quite useful. Even though they do not provide field information,
reasonably accurate results for the propagation constants of many

complex structures are obtained [4],[12],{15],(17]. The techniques
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described here are actually a modification of a one-term approxima-
tion of the mode matching technqiue. They consider two types of modal
fields, i.e., LSE (H-wave) and LSM (E-wave) modes, independently.

The H-wave leads to the effective dielectric constant (or permittivity)
method while the E-wave is associated with the effectiﬁe permeability
method [9]. For abbreviation, when we refer to both the effective
permittivity and the effective permeability and their mean values,

the effective parameter will be used. The general applications of
these approximations can be found in all references cited above. How-
ever, it would be appropriate té reintroduce the fundamental concepts
again to facilitate their applications. Consider an H-wave (LSE-to-z)
obliquely incident upon an infinjite interface between two dielectric
media I and II with relative dielectric constants and permeabilities
€10 €90 My and Hys respectively (see Fig. 4a). The reflection (and
transmission) coefficient of this obliquely incident case can be ob-
tained from that of an equivalent "effective" normally incident one
(see Fig. 4b) if an appropriate "effective dielectric constant'" can

be found, i.e.,

i]*:- (iz*:ds
Ey * L (E**%

S 2

51 [ *2

For an H-wave, it is apparent that the "effective" concept is valid

if the effective dielectric constants in (23) are replaced by:
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k 2
€y =gy ™ {ko} » 1=1,2 (24)

where ko is the free-space wavenumber, and kyj is the phase constant

3

in the y-direction, i.e., kyi = (siui) ko sin®

i
For an E-wave (TM) obliquely incident from medium I into II (see

Fig. 5a), the equivalent normal incident wave (see Fig. 5b) for the reflec-

tion (and transmission) coefficient is obtained if the relative per-

meability in each medium is replaced by

K 2
R S O § -
My Hy e [ko} », 1=1,2 (25)

In short, the effective dielectric constant (permittivity) must
be used for the E-wave and the effective permeability for the H-wave.
Unlike the mode-matching technique, the effective parameter approach
assumes that there is no coupling between the LSE- and LSM-modes.
This, in effect, assumes that the geometrical discontinuities in a
dielectric guide occur (alternatively) in one plane only.

This approximate technique will now be applied to the suspended
H-waveguide. Consider an LSM (TM-to-y) mode propagating in a coupled
structure as shown in Figure 6a. Since this is an LSM-mode, the
effective permeability will be utilized. The discontinuities in the
y-direction are first ignored, and the dielectric core region (II)
is extended to infinity (see Fig. 6b) so that the characteristic
equations for kx can be obtained from this two-dimensional dielectric

slab. The characteristic equations for kx have already been derived
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in Eqs. (8) and (9). Once k  is obtained, the "effective" permeability
is defined according to (25). (Note that the coordinate system in
Fig. 6 is different from that as shown in Figs. 4 and 5.) In this case,

*
Mo is given by

(21
) *
| R (26)
N 2 o € k
ﬁ’ 2 o
5 The dielectric core region is now replaced by an infinite slab with
- *
5 an effective permeability Hy (see Fig. 6¢c). If tangentials Hxand Ez

are matched at the planes y = th, the characteristic equation for ky is

obtained:

cos[Zk)(,z)h] e Yo cos[k;l) (h-d)] sin[k}(,:;) (-h+1)]

e

(1) (3)
- &y ;3(’—3-)- sin[ky (h—d)] cos[ky (-h+1)]

y

(2) (1) (3) )
+ sin[Zky h]{ez sin[ky (h-d)] sin[ky (-'n+1)J

€164 k(z)2 O 3 )
1 y - -
+ ey (D0 cos[ky (h-d)] cos[ky (h+1)]} 0 (27)
y ¥

where the transverse propagacionconstantsk;i), i=1,2,3, are related
by

2 (3

2
2 2, (W x 2 (2)
kz elko + ky ezuz(x) ko + ky 53k° + ky (28)
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In Eq. (27), kii)can be solved numerically. kz and, hence, the dis-
persion characteristics of the original H-waveguide can then be cal-
culated according to (23).

For LSEx (TE-to-x) mode, the process is reversed. Using the
effective permittivity approach, the procedure for obtaining the

longitudinal propagation constant kz is described as follows:

*
Eq. (27) e, (y)
Fig. 6C —————» kgi) 27 . Fig. 6b-298- (B) & (9, kii)
and the following relation:
2 e oy i %2 k(5)2 ‘ (29
z 2\ %, ky o X -

The LSE? and LSM" modes can be obtained in the same manner by considering

(30)

The characteristic equations for ky of these two modes are

(2)
K
cos[2k§2)h] ;%IT sin[kil)(h-d)] cos[k§3)(—h+1)]
y
s (1) (3)
D A - -
k(3) cos[ky (h d)] sin[ky ( h+1)]
y
- sin[Zk(z)h]{cos[k(l)(h-d)] cos[k(3)(-h+l)]
y y y
L (2)2

+ Iy sin[k:,l)(-hﬁ)] sin[k)f”(-hﬂ)]} =0 (31)
kD
y oy

A . [ . . . .
PR N T P I P ~ Y
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In summary, the effective parameter approximations are based on
three basic assumptions:

1) Only one surface-wave type (either LSE or LSM) can propagate.

2) Each region in the guide can alternatively be treated as a
two-dimensional problem, i.e., there is no geometrical discontinuity
on one side while investigating the other.

3) €y > €2€5

The characteristic equations for the propagation constants derived
here can be applied to the other guiding structures shown in Figure 3
simply by changing the separation of certain side-wall locations and
the relative dielectric constants of certain regions. Usually, the
actual value of kz (using mode-matching technique) lies somewhere
between those obtained by the effective permeability and permittivity
approximations. An average, e.g., geometrical mean, of these approx-
imate values often produces a Qbre accurate result. Numerical values
obtained by the effective parameter approximations and the more rigorous

mode matching technique are presented in the next section.
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3. NUMERICAL AND EXPERIMENTAL RESULTS

In this chapter, the numerical computations of the propagation
constant and field distribution of different waveguide structures are
discussed. All calculations were done using the Vax 11/780 computer.
Some experimental results are also presented.

3.1 Normalized Propagation Constant of Single and Coupled Suspended

H-Waveguides

In an open dielectric waveguide structure, the range of the
normalized propagation constant kz/ko is between 1 and ZE;. Any mode
with a normalized propagation less than one is a leaky mode. This {is
the cut-off condition of any normal mode in an open dielectric struc-
ture. This phenomenon is not applicable to a partially dielectric-
filled shielded structure whose propagation starts at kz/ko equal to
zero. However, unlike the hollow metal waveguide, the guided modes in
a partially dielectric-filled metal structure are neither pure TE nor
TM. Therefore, another mode description must be used. In this thesis,
the field modes are described as Ezn if the major transverse electric
field is parallel to the y-axis and as E:n if the major transverse
electric field is parallel to the x-axis. The m and n subscripts are
the number of maxima of the dominant el-ctric field in the x~ and
y-direction, respectively. Due to the high dielectric constant of the
core and the large size of the metal shield, the suspended H-waveguide
can be considered as an oversized waveguide that can theoretically
support few higher-order modes at the upper millimeter-wave frequency

range. Unlike the fundamental mode, where a large percentage of the
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energy propagating in the guide is concentrated in the dielectric core,
and decays exponentially away from the core, the higher-order modes

are loosely bounded within the dielectric core causing most of the energy
to be concentrated outside the core. Unless over-moded operation

is desired, most of these higher-order modes can be eliminated by
proper launching into and receiving from the guide. A thin absorbing
film can also be placed at the inner side walls to damp out the modes
with lateral expansion far beyond the dielectric core that are not
permitted for normal propagation [5]. Because of the large separation
between the core and the side walls, these absorbing films should not
have any effect on the propagation of the fundamental mode. As
frequency increases, many of these higher-order modes become tightly
bound to the dielectric core as in the case of an open dielectric
waveguide structure. For practical means, however, only the funda-
mental modes of two different polarizations will be investigated in
great detail in this thesis. Figure 7 shows the influence of the side-
wall location on the propagation constants of the dominant E{l and E?l
modes in a single suspended H-waveguide. Unless otherwise indicated,
in this and many following figures, the top and bottom dielectric

layers are the same, i.e., €, = €qs l1=d, and a = b. In Figure 7,

1
kz/ko remains virtually unchanged if the ratio b/w is larger than 4.5.
This suggests that the side walls have little or no effect on the

propagation characteristics of the fundamental modes if the side-wall

separation is large enough. Also shown is the effect of the total

eigenmodes (equal number of LSM and LSE modes are used) on the convergence

- - -~ N SR, S S S P U
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of the propagation constant. For N = 6 and N = 10, the results are
almost indistinguishable. A somewhat similar conclusion was also
obtained in investigations of an open dielectric image line by other
authors [11],[13].

In Figs. 8 and 9, the phase characteristics are plotted as a
function of h/d,which is the ratio of the dielectric core height to
the total height of the suspended H-guides for different dielectric
constants of the core and the normalized guide height. The values of
kz/k° computed by the mode-matching technique are shown in solid lines
whereas those calculated using the mean value of the effective parameter
approximations are shown in dotted lines. Unless otherwise indicated,
these line designations are used for the rest of this section. For
the fundamental EY

11
range where h/d is small. In most cases, the values of kz/ko of the

mode, both techniques agree well except in the

E{l mode obtained by the effective parameter method are less accurate. For
the latter case, it was found that either the effective permittivity

or the effective permeability approximation alone usually provides a
better result than their mean value. For h/d less than 0.05, the

field extends far beyond the dielectric core. To obtain accurate

results using the mode-matching approach, the side-wall separation

must be large enough, and many more eigenmodes must be used. The
computation and the convergence, therefore, are very slow. For this
reason, the values of kz/k0 for small h/d are not presented. In this

cagse, other methods, such as perturbation techniques [20],may be

numerically more efficient.
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The effect of the aspect ratio w/h of the dielectric core on the
propagation characteristics of an uncoupled suspended H-waveguide is

shown in Figs. 10 and 11 for different values of ¢, and the normalized

2
guide height. In these figures, the ratio of h/d is arbitrarily
chosen to be 0.5. For a higher dielectric constant of the core, a
crossover occurs for the propagation constants of the E{l and Eil
modes. As w/h increases, kz/ko derived by the effective parameter
approximation approaches the mode matching values. This is expected,

since for large values of w/h, the waveguide structure closely

resembles a dielectric-slab loaded parallel guide whose LSE and LSM

modes do not couple. The complete separation of LSE- and LSM-modes

‘

is one of the basic assumptions in deriving the effective parameter
technique and, therefore, the results obtained by this technique for

large w/h should be closer to the actual values. The reverse is true

vhen w/h becomes smaller. When w/h and €, are small, less energy is
concentrated in the dielectric core, and the omission of the "corner"
regions in deriving the effective parameter technique is no longer
valid. For the E{l mode, the normalized propagation constants derived
by both the effective parameter and the mode matching methods agree
well, For the E:l mode, particularly for the lower dielectric constant
case and near cut-off, the effective parameter approximation becomes
less reliable.

Figures 12 and 13 are the plots of the normalized propagation
constant of a single suspended H-waveguide as a function of the ratio

ezlel for different normalized guide heights. The top and bottom
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Figure 10. Normalized propagation constants of a single suspended
H-waveguide vs. w/h. € €y " 2.3, 1 =d, a=b (»=),

Mode matching: solid line; effective parameter:
dashed-line. (a) €, = 9.8; (b) €, 3.75.
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2/61

Normalized propagation constants of the fundamental
E{l and E?l modes of a single suspended H-waveguide

vs. ez/el-el = €qs 1 =d, a=b (-~). Mode-matching:

solid line; effective parameter: dashed line.
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Figure 13. Normalized propagation constants of the fundamental
E{l and E{l modes of a single suspended H-waveguide
vs. ezlel-el = €qs 1=d, a=b (#=). Mode matching:
solid line; eifective parameter: dashed line.
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1 = €4 and

1 = d. The frequency in Figure 12 is approximately 1.4 times higher

dielectric layers are identical in this case, i.e., ¢

than that in Figure 13. For large 82/61, most electromagnetic energy

is tightly bound to the center of the dielectric core. The configura-

tion of the core becomes less important since the field strength at

the dielectric boundaries is small. For this reason, the propagation
y

£‘ constants of the Ell 2

;f shown in Figure 12, In this range, many higher-order modes also exist

and E;l modes converge when ¢, becomes large, as

in the guide. A somewhat similar behavior of the normalized comstant

is obtained bf increasing frequency. Figures 14 and 15 show the
dispersion characteristics of the dominant E{l and Efl modes as a
function of the normalized free-space wavenumber kod. In Figure 15,
only the results obtained from the effective permittivity approximation
are presented as the dotted lines since the effective permeability
method inaccurately predicts a high cut-off of the dominant Eil mode.
Experimental results are also presented in these figures. The agree-
ment between theoretical and experimental results of the E{l mode 1is

very good. A combination of a sliding short along the dielectric core

and a reverse coupler at the input of the suspended H-waveguide has

been used to record the standing wave pattern in the guide [21].

Energy was launched from a metal waveguide; the dielectric core is made

‘ of alumina (er = 9.8) and stycast (er = 3,75). The insulating top and
f ) bottom dielectric layers are copper clad RT/Duroid with an € = 2.3.
E;: The tapered transition from the suspended H-waveguide to the metal

t waveguide is shown in Figure 16. All measurements were done in the

—

E-band.
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kod
Figure 14. Normalized propagation constants of a single suspended

H-waveguide vs. the normalized free-space wavenumber.
€ = €3 l=d, a=b (+»), Mode matching: solid line;

effective parameter: dashed line.
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Thus far, only a single guide, which is symmetric both in the
x- and y-directions, has been studied, Figure 17 shows the normalized
propagation constant of the fundamental E{l and Eil modes of a single
suspended H-waveguide whose top and bottom dielectric layers are not

identical. In this case, the thickness of the top layer is varied

while that of the lower dielectric layer remains constant. kx/k° is
plotted as a function of h/d for different dielectric constants €1
(e1 = 2.3 in Fig. 17a and € = 3.75 in Fig. 17b). For small values
of h/d (large separation), the top metal ground plane has virtually no
influence on the propagation characteristics of the guide. In these
figures, the effective parameter approximation accurately predicts
the behavior of the normalized propagation constants and can always
be used to check the existence of a particular mode before using the
mode-matching method.

The dispersion characteristics of a couple suspended H-waveguide
as a function of the normalized free-space wavenumber kod are shown in

Figs. 18 and 19 for different dielectric constants €,y of the core. As

= frequency increases, the field strength outside each dielectric core
Qi: becomes smaller, and the propagation constants of even and odd modes
2

tf approach the value of an uncoupled structure as the influence of omne
...

&: guide on the other becomesnegligible. In these figures, subscripts

3

. e and o imply a pmc wall and a pec wall at x = -a, respectively. For
;":

b example, E{le represents the even E{l mode (pmc wall at x = -a) while
%f} Eilo represents the odd E{l mode (pec wall at x = -a)., The same sub-
F.- script designation applies to the E’{l mode. In Fig. 18, where the
-
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dielectric constant of the core is much higher than that in the
surrounding medium, the normalized propagation constants of even and
odd modes of both E{l and Eil modes converge rapidly as frequency
increases. For a lower dielectric constant of the core (see Fig. 19),
the fields are weakly bound and, therefore, all modes converge at

much higher frequencies. kz/k° obtained by the effective parameter
approximation always approaches the mode matching's values at higher
frequencies. However, in the normalized frequency range investigated
here, the difference between the two techniques is substantial. Hence,

for clarity, only the dispersion characteristics derived by the mode

matching method are presented.

3.2 Normalized Propagation Constant of Other Dielectric Waveguide
Structures

It was mentioned previously that the method of analysis for the
suspended H-waveguide could also be used for other planar dielectric
structures of rectangular cross-section. Information in Figs. 7 and 15
shows that the analysis of a totally shielded structure can be used
for an open dielectric structure if the wall separation is large enough.
Therefore, by using all or part of Eq. (21), the propagation character-
istics of many open dielectric waveguide structures can be obtained.
The dispersion curves of some lowest-order modes of an image guide
(see Figure 3b) are shown in Figure 20, The range of kz/ko is between
1 and /E: since, for an open structure, the propagation constant of
any surface wave mode must be greater than the free-space wavenumber

and less than the intrinsic phase constant of the dielectric. The

. . — al s = A a a A = = a4 _a _u A A = a'a e 2 - o=
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Figure 20. Normalized propagation constants of the fundamental E{l and
E?l modes of an image guide vs. the normalized free-space
wavenumber. b/w -+ «, d/h + », Mode matching: solid line;

effective parameter: dashed line.
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theoretical results of both mode matching and of the effective parameter
approximation are compared with the experimental results which were
published by Solbach et al. [11]. The agreement between theoretical

and experimental results is excellent throughout. The propagation
constant of the image line derived from the mode-matching method is
obtained by recording the zeros of the determinant of (22). The

field mode descriptions of an image;guide are the same as those in

a suspended H-waveguide. The image-guide has found many applications

in millimeter-wave integrated circuits, such as resonators [22], leaky-
wave antennas [23], isolators [24], and phase shifter [25].

The partially loaded trough guides (see Fig. 3d) find applications
in dielectric leaky-wave antennas [26], and, in many cases, can be used
to reduce the radiation loss at a bend in an image-guide transmission
line [6],[27]. If the dielectric constant of the dielectric is high
enough, backward propagating waves may exist in the structure which
can be used for reverse coupling applications. Since this waveguide
structure has been extensively studied elsewhere [10], only a typical
dispersion curve is presented here (see Fig. 21). The dispersion
characteristics of the Ey

11
guide are similar to the characteristics of empty parallel metal plates

mode in the lower frequency range of this

y
whereas the Ell

effective dielectric constant curves and the solid lines are the mode-

mode has a high cut-off. The dotted lines represent

matching values,
Another important waveguide structure is the rib dielectric wave-

guide. This waveguide is very similar to an insular guide (see Fig. 3c)
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Figure 21.

Dispersion curves of the fundamental E{l and E;l modes of

a partially loaded trough waveguide., d/h + ». Mode-

matching:

solid line; effective parameter: dashed line.
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except that the dielectric guiding layer and the substrate are made from
the same material. Most of the energy concentrates in the dielectric
substrate layer. The strip merely acts as a guide to control the
lateral expansion of the field. To analyze this structure using the
same equations derived for the suspended H-waveguide, the top layer of
the suspended H-waveguide is replaced by free space. The top metal
ground plane and the side walls must be placed far from the dielectric
core so that they have a negligible influence on the propagation of
the field modes in the dielectric core region. The effect of the
side-wall location on the propagation characteristics has been demon-
strated in Figs. 7 and 17. The dispersion characteristics of a single
dielectric strip are shown in Fig. 22. Again, only the effective
permittivity values are presented since the effective permeability
wrongly exhibits a very high cut-off for the fundamental mode. Even
the effective permittivity is not accurate in this case as the curves
of the E{l mode in Fig. 22 show a substantial difference between the
effective permittivity and the mode matching techniques. In deriving
the effective parameter approximation, we have assumed that most energy
is concentrated in the dielectric core. The "corner" regions in the
substrate could, therefore, be ignored. This assumption is not valid
in a rib dielectric waveguide since most of the energy 1s actually
confined to the substrate region. Consequently, the values of kz/k°
derived by the effective parameter approximation do not represent the
true dispersion characteristics of the field modes in a rib dielectric

waveguide. If the dielectric constant of the core becomes higher,
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Figure 22. Dispersion curves of the fundamental E{l and Etl
modes of a rib dielectric waveguide. Mode-matching:

solid line; effective parameter: dashed line.
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: as in an insular guide, the effective parameter approximation values
\i will approach the mode matching values as indicated in Figure 17.

3.3 Field Distribution of a Suspended H-Waveguide and Other Dielectric
Structures of Rectangular Cross~Section

It is well-known that the effective parameter approximation is
adequate for calculations of the propagation constant. It does not,
however, provide accurate information on the field distribution of the
waveguide structure since the fields in certain regions are totally
ignored. The mode matching technique can theoretically provide exact
field distributions in the dielectr.c waveguide if an infinite number of
eigenmodes are taken into account. Due to the limitation of computa-
tion facilities, an infinite number of these eigenmodes (or terms)
must be approximated by a finite series. Hence, the numerical accuracy
can be limited by computer storage and computation time. In general,
when the waveguide is operated near cut-off, the fields extend far
away from the dielectric core. To accurately represent a true open
dielectric guide, such as an image-guide or an insular guide, or a

partially open structure such as the suspended H-waveguide when using

the mode-matching technique, the theoretical metal enclosure must be

enlarged to minimize its effect on the propagation and field charac-
;‘ teristics of the guide. Consequently, a greater number of eigenmodes
F' must be used to maintain the same degree of accuracy. More terus
kj are necessary since a larger number of slowly varying eigenfunctions
*l in the outer regions are required to satisfy the boundary conditions
2
ke
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across the dielectric interfaces with the rapidly varying fields in

the core region. On the other hand, when the dielectric waveguide

core has a higher dielectric constant or when the guide is operated far
beyond cut-off, the fields decay quickly away from the dielectric
core, necessitating smaller wall separation when applying the mode-

matching technique. In this case, fewer eigenmodes are necessary.

The effect of the total number of eigenmodes on the field character-
istics of a totally open or partially open dielectric waveguide will
be discussed in this section. Unless otherwise indicated, equal
numbers of the LSM and the LSE eigenmodes are used. Since the field
distribution of Hx is very similar to Ey and since Ex is similar to
Hy’ only Hx and Ex are presented as the transverse fields. The plots
of Hx’ Ex’ Hz and Ez of the E{l mode versus y/h in a single suspended
H-waveguide for different x-locations in the guide are shown in
Figures 23 to 26. For these figures, the modal expansion for the fields
consists of ten modes. The top and the bottom dielectric layers are
identical, i.e., 1 = d and € = 5. All the electric field components
in the guide are normalized to the amplitude of the dominant electric

field and all the magnetic field components to the amplitude of the

dominant maghetic field. By comparing the amplitude of each field
component at different y-locations, one can visualize the lateral
distribution of that particular field. For an E{l mode, the x = 0
plane is equivalent to a pmc wall; therefore, Hz and Ex are equal
to zero at this plane. Far away from the dielectric core, e.g., at

x = 2w, more energy is concentrated in the top and the bottom
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Figure 24. Normalized calculated field distribution of Ex of
the E{l mode at different x-locations in a single

suspended H-waveguide.
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Figure 25. Normalized field distribution of Hz of the E{l mode
at different x-locations in a single suspended

H-waveguide.
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Figure 26. Normalized field distribution of Ez of the E{l mode

at different x-locations in a single suspended

H-waveguide.
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dielectric insultating layers as indicated by an increasing amplitude
of Hx for y > h as indicated in Figure 23.

Inspection of Figures 23 to 26 indicates that with ten eigenmodes,
the matching of the field components at the x = *w interfaces is
excellent except for the normal electric field componment. (For a
complete description of the waveguide parameters, see Figure 2.) Matching
across the y = th interfaces is more difficult since Ex is a continuous
function of x at y = h+, but a discontinuous function of x at y = h .
The matching of the dominant field component Hx’ however, is excellent
throughout.

The lateral field distributions at different y-locations and the
tests of their convergences for different numbers of eigenmodes are
shown in Figures 27 and 28. The general shapes of the distributions
in the insulating layers, e.g., y = 1.4 h, and in the dielectric
core region, e.g., y = 0.5 h, are very similar. This is a clear
justification for the effective parameter technique in assuming the
dielectric core as an infinite slab in deriir:l.ng the transverse
characteristic equation of kx' The plots of the fields for N = 7 and

N = 12 are almost indiscinguishable. Except at y = th, the matching

{? of the Hz component at other locations is very good.

Figures 29 to 32 are plots of He» Hz, Ex and Ez at the x = 0.5w

) s} -
LR A
3 .

plane in a single suspended H-waveguide whose top and bottom dielectric |
layers are not identical. The top layer has a dielectric constant

€ = 3.75 while the lower layer has €q = 2.3 The field components
in this structure are no longer symmetric in the y-direction. Since
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Figure 27. Normalized magnetic field distributions of the E{l
mode in the transverse direction at y = 0.5 h in

a single suspended H-waveguide.
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Figure 28. Normalized magnetic field distributions of the E{l

mode in the transverse direction at y = 0.5 h in a

single suspended H-waveguide.
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Tigure 29. Normalized field distribution of H_of the E{l mode
in the vertical direction at x = 0.5w in a single

suspended H-waveguide whose top and bottom dielectric
layers are dissimilar.
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suspended H-waveguide whose top and bottom

Figure 30, Normalized field distribution of Hz of the E
in the vertical direction at x = 0.5w in a single

dielectric layers are dissimilar.

mode




Figure 31. Normalized field distribution of Ex of the E{l mode
in the vertical direction at x = 0.5w in a single
suspended H-waveguide whose top and bottom dielectric

layers are dissimilar.
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Figure 32. Normalized field distribution of l-:z of the E{l mode
in the vertical direction at x = 0.5w in a single
suspended H-waveguide whose top and bottom
dielectric layers are dissimilar.
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more energy is concentrated in the regions with higher dielectric
constants, the field maxima are shifted slightly toward the top

dielectric layer as clearly shown in Figures 29 and 30. As mentioned
earlier, Ey and Hy are not presented since their behaviors closely resemble
Hx and Ex’ respectively. Except for the minor field component Ex’ all
field components match very well at the y = *h planes for N = 10,

Typical field distributions in the horizontal direction are shown in
Figures 33 and 34. It is interesting to note that,compared to Figure

27, the fields in Figure 33 decay much faster away from the dielectric

core since the dielectric constant of the core in the latter case is
much higher, and therefore, more energy is concentrated in the core
region. The plot of Ex at y = 0.5h clearly shows that more than four
eigenmodes are necessary to satisfy the boundary conditions at the

X = *w interfaces. However, when a few more terms are added, i.e.,

N = 10, the matching of this normal electric field component is very

good.

5' The field distributions of a coupled suspended H-waveguide are similar
to those for other coupled dielectric waveguide structures such as the
insular guides or the inverted strips. Because of the symmetry of

the waveguide structure at the x = -a plane (see Figure 2), the

fields are either symmetric or antisymmetric about that plane. For

the symmetric mwode (or even mode), the vertical plane at x = -a is

replaced by an equivalent perfect magnetic conducting (pmc) wall,

RARARACAE B X XA AL B A nona gD

whereas for the case of the antisymmetric mode (or odd mode), the

vertical plane is replaced by an equivalent perfect electric conducting
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Figure 33. Normalized magnetic field distribution of the E{l
mode in the horizontal direction at y = 0.5h in
a single suspended H~waveguide whose dielectric

insulating layers are dissimilar.
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Figure 34. Normalized field distribution of Ex of the E{l
mode in the horizontal direction at y = 0.5h
in a single suspended H-waveguide whose dielectric

insulating layers are dissimilar.
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(pec) wall. The analysis of the total waveguide structure is, there-
fore, reduced to that shown in Figure 2b. Since the general behavior
of the fields in a coupled structure is well-known, only the symmetric

y
mode Elle
coupled suspended H-waveguide have been shown in Figures 18 and 19.

is presented here. The dispersion characteristics of a

Figures 35 to 37 are the normalized distributions of four symbolic
field components plotted at the y = 0.5h plane. The field strength
of the major magnetic component Hx (or Ey) is substantial at the pmc
wall as the maxima of the fields are shifted toward the center. As
many as ten eigenmodes are necessary to satisfy the boundary condi-
tion of the normal electric field component Ex at the x = *w inter-
faces. However, the matching process for Hx and Hz converges more
quickly.

The transverse field distributions of a single insular guide
(see Figure 3c), which is an open dielectric waveguide structure, afe
plotted for different vertical planes in Figures 38 and 39. In
computing the propagation constants and the fields of an insular guide,
the metal side walls must be placed far enough from the dielectric
core so that their influence on the propagation constant and the field
characteristics is negligible. The magnetic field plots in the hori-
zontal direction at y = 0.5h are shown in Figure 40. The matching of
these components is very good even for N = 3., However, to obtain an
accurate field distribution eight or more eigenmodes must be used.

The investigation of the field distribution in many waveguide

structures has been concentrated on the E{l mode only. The plots of
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Figure 36. Normalized field distributjon of Ez of the
Eile mode in a coupled suspended H-waveguide
at y = 0.5h.
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Figure 37. Normalized field distribution of E_ of the E{le
mode in a coupled suspended H-waveguide at
y = 0.5h.




M
g
t;l
2 76
3 e.z
[ ,
L:. X-\d’ / N=8
N _ ——— XY /
. p— ~,
.j, a . a ~~§-~-.-’"
- st.l
; ™ €223.75
% €9=2.3
N 8.2 j w/het .5
'- / |/h=3

- /

/I ko=t .6758

. lltllilrllllllllTrlllllTlxlTrlllll
tj' -3 -2 -{ e { 2 3 4
L‘ v/h
r—
3 Figure 38. Normalized field distribution of E, of the E{l
- mode in the vertical direction for different
- x-locations in a single insular guide.
-
{
A
g
o
».'.'
;.
"
{
-
b ¢
L S A R O R . N L . . )




——
Ry

. Pl AL
4 L
P AR
B L R

KA
RSN
v

77

P T T Y Y T S Y S

lllllllfllllf[lfllll]—llflllllll
-3 -2 -1 e i 2 3 4
v/h
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mode in the vertical direction for different

x-locations in a single insular guide.
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Ex’ Hx’ Ez and Hz’ respectively, of the E:l mode, which has Ex as the
major transverse electric field component, in a single suspended H-
wavegulde are shown in Figures 41 to 44. Ey and Hy are similar to Hx
and Ex in this guide and, therefore, are not plotted. Unlike the

E{l mode, the longitudinal fields Ez and Hz of the Etl mode are very
substantial and are comparable to the corresponding major transverse
fields (see Figure 45 to 46). At the top and bottom metal ground
planes (y = d, -1), the tangential Hz is still very significant. In
fact, at these locations, Hz becomes the dominant magnetic field com-
ponent as shown in Figure 47, which is the plot of the normalized

2 magnetic field distributions at y = d. For this reason, the metal loss
ji for the Eil
magnetic field component. The matching at x = w is very good since,

mode is also significant and is primarily due to this

except for the normal electric field component, the fields at x = W

and x = w+ always coincide. As in the E{l mode, the matching at the

horizontal interfaces y = th is more difficult. Figures 45 and
46 are the plots of the normalized electric and magnetic field com-
ponents in the horizontal direction at y = 0.5h. The matching at

the y = 0.5h plane for N = 8 i{s excellent for all components.

3.4 Conclusions

The propagation and field characteristics for two fundamental
modes that have polarizations orthogonal to each other in many
dielectric waveguide structures have been studied. The method of

analysis derived for the suspended H-waveguide is general and can be
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Figure 42. Normalized field distribution of Hx of the Eil

mode in a single suspended H-waveguide € = €qe
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mode in a single suspended H-waveguide. € = €5:

L. WU N Y P P




83

kod=1.152

8.4

Figure 44. Normalized field distribution of Hz of Eil mode

in a single suspended H-waveguide. € = €5:
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Figure 45. Normalized electric field components of the Eil

mode in the horizontal direction at y = 0.5h.
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Figure 46. Normalized magnetic field components of the Eil
mode in the horizontal direction at y = 0.5h.
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applied directly to other single and coupled planar structures of
rectangular cross section. Even though the effective parameter
approximations do not provide very accurate results for the propagation
constants, in some cases they provide very useful information on the
whereabouts and the existences of certain modes which, in turn, can

be used as the initial values for iterating in the mode matching tech-
nique. By doing so, the computation time that could be wasted on a
random search by the mode-matching technique can be eliminated. For a
high dielectric constant or at high normalized frequency, both techniques
agree well. The theoretical and experimental results for many wave-

guide structures agree well throughout.
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4. LOSS CHARACTERISTICS OF A SUSPENDED H-WAVEGUIDE

The major sources of loss in most dielectric-based waveguide
structures for millimeter-wave applications operating at frequencies
beyond cutoff are the dielectric loss, the metal loss of conducting
walls and the radiation loss due to bending. If the radius of curva-
ture is sufficiently large, a general technique for determining the
radiation loss has been presented by several authors [28],[{29] and,
will not be discussed here. The dielectric and metal losses of many
dielectric-baged waveguide structures, such as the H-guide or the
image guide, have been previously investigated [22],[30]-{32]. There-
fore, only dielectric and metal loss characteristics of a suspended

H-waveguide will be studied in this section.

4.1 Metal Loss

In general, the metal loss is proportional to the square root
of the operating frequency and the intensities of the tangential mag-
netic fields at the metal surfaces. A conventional image guide that
supports the Ezq modes has the dominant magnetic field Hx parallel to
the ground plane. Metal losses are therefore dominant as there is no
separation between the dielectric core and the metal ground plane.
Recently, this metal loss has been reduced by adding a thin dielectric
layer of lower dielectric constant between the dielectric core and the

metal ground plane [4],[7],since the fields decay :rapidly in the ]
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dielectric layer. The proposed suspended H-waveguide utilizes
the same principle to minimize the metal loss. Two low-loss dielectric
layers are inserted between the dielectric core and the metal surfaces.
This principle also applies to the Eil mode since the parallel magnetic
field components also decay rapidly in the insulating layers (see
Figures 42 and 44). The increase of dielectric loss due to the addition
of the insulating dielectric layers will be discussed later.

The attenuation in nepers per unit length can be calculated by

the conventional power loss method, i.e.,

a = (32)

where PL is the metal loss per unit length and PT is the transmitted

power in the guide. PL and PT are given by

1 2
B =5 Ry § lutan| d1 (33)
1 * A
Pr =3 R, II (ExH) - z da (34)
where |H |2 = |H |2 + | |2 + | |2 at the metal surfaces €35)
tan x y z :
wk Y
R, = [F] = gurface resistance, and (36)
- M .

% is the surface conductivity of metal. Here, it is assumed that the
field configurations in the guide are not affected by the wall conduc-

tivity. The field components in all regions are given in Egs. (1)-(6).
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Figures 48 and 49 are the plots of the attenuation in decibels per
meter of the E{l mode in a single suspended H-waveguide whose top and
bottom dielectric layers are identical. In Figure 48, the dielectric
constant of the core is 9.8 whereas €= 3.75 in Figure 49. It is
evident from these figures that the metal loss is much lower when
two dielectric insulating layers are inserted. As explained previously,
the tangential magnetic fields decay rapidly toward the metal ground
plane in the dielectric layers whose dielectric constants are lower than
that of the core. The surface current on the metal plane is therefore
small. In the absence of the dielectric layers, i.e., h/d = 1, the
attenuation increases sharply. This is due to the fact that the dominant
tangential magnetic field Hx is constant in the vertical direction
throughout the guide.

It is also important that the ratio h/d should not be too small.
For small h/d, e.g., h/d=0.2, the fields are weakly bound. Consequently,
the tangential magnetic fields at the metal planes are significant
and higher metal losses occur. Except for h/d = 1, the attenuation
curves for all other cases in Figure 48 decrease as frequency increases.
This feature can be beneficial when the guide is operated at the milli-
meter-wave frequency range. In Figure 49, where €y is much lower, the
attenuation curves first increase then start to turn downward sharply
as frequency increases. At lower frequencies, the fields are weakly
bound, and the waveguide resembles an empty parallel plate waveguide.
The attenuation is roughly proportional to the square root of the

frequency. At higher frequencies (or higher dielectric constant of the

a
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Figure 48. Attenuation of the E{l mode in decibels per meter due to

the metal loss in a single suspended H-waveguide.
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core), the fields become tightly bound to the dielectric core. The
intensities of the tangential magnetic fields at the metal planes
are small resulting in smaller metal loss as indicated in Figure 49.

The attenuation curves in decibels per unit length of the E;l mode
in a single suspended H-waveguide are plotted in Figure 50. With
the addition of the two dielectric insulating layers, the metal loss
is significantly reduced as clearly indicated by the h/d = 0.2, 0.4
and 0.6 curves. Near cutoff, the metal loss of the Eil mode 1is very
high but decreases sharply as frequency increases. In general, with
the exception that the loss in the E{l mode is primarily due to the trans-
verse magnetic field component Hx whereas the loss in the ETI mode is
mostly due to the longitudinal field component Hz’ the metal loss

characteristics of the E{l mode and the Eil mode are Qery similar.

4.2 Dielectric Loss

The introduction of the dielectric insulating layers in a sus-

pended H-waveguide significantly reduces the metal loss due to finite
conductivity of the walls. However, the addition of a large volume
of lossy dielectric materials may cause a higher dielectric loss.

Therefore, it is necessary to study the dielectric loss characteristics

of the guide to obtain a complete overall loss figure for a new wave-
guide structure.

The power loss technique can also be used to calculate the
dielectric loss. However, field computation derived from the mode-

matching technique for the power loss approach is very time-consuming.
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By introducing a complex dielectric constant to allow for a small

loss in the dielectrics, the attenuation constant ey associated with
lossy dielectrics can be obtained directly by a perturbation technique
which is based on the solution of the lossless structure.

The characteristic equation for the propagation constant of a

lossless suspended H-waveguide can be symbolically written as

D(el,ez.e3.kz,w) =0 (37)

where D is the determinant of the system of linear and homogeneous
equations shown in Eq. (21).

A In order to calculate aq° the parameters in (37) are replaced
by their complex counterparts. The characteristic equation for the

complex propagation constant Ez = kz - j“d becomes

D(el’eZ’ej’kz - jad,w) = (38)
where

El = 51(1 - j tan sl)

€, = g5(1 - § tan §,) (39)

3‘:3 = 53(1 - j tan 63)

Tan 61, i=1,2,3, is the dielectric loss tangent in the respective
region.
Assuming that € tan 61 and ay are small, the left-hand side

of (38) can be approximated by a Taylor's series in powers of j“i tan 8y
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and jad about the solution of a lossless structure [33]. Retaining

only the first-ordered terms, Eq. (38) becomes

3
]
D(eys€ps€q5k s0) + 3 121 e, tan &, 3;: D(g;s4s€q5k 20)

3
+ de aTz D(€1’€29€33kzym) =0 (40)

The first term of (40) is zero by virtue of (38); consequently,

3
3D
) e tan§, =—
L 1a1 i i at-:i .
%4 3D : (41)

Bkz

All the partial derivatives in (41) are evaluated numerically by
the finite-difference technique [34] once the longitudinal propagation
constant kz of the lossless structure has been determined using the
mode-matching method. In the calculations of the partial derivatives,
it was observed that the solutions converged quickly after a few
iterations then began to oscillate. The computations should be
terminated before this oscillation occurs.

Figure 51 shows the attenuation constants due to lossy dielec-
trics of the E{l mode in a single, suspended H-waveguide as a function
of the normalized free-space wavenumber. It is clear that the dielectric
insulating layers cause higher dielectric losses. At lower frequencies,
the fields are weakly bound to the low-loss dielectric core. More

energy is stored in the substrate regions which have a much higher
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Figure 51. Attenuation constant in decibels per meter of the E{l

mode in a single, suspended H-waveguide.
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dielectric loss tangent and, therefore, higher dielectric loss. As -
frequency increases, most of the electromagnetic energy is stored in

the core, which results in lower dielectric loss. Since the loss

tangents of the substrates are much higher than the loss tangent of

the dielectric core in this case, e.g., tan 61/tan 62 = 6, most of the

. dielectric loss is due to the substrates. If a lower-loss copper-
:' cladded dielectric sheet is available, the dielectric loss of the
suspended H-waveguide should be much lower. However, for given

waveguide parameters, the total (dielectric and metal) loss of the

[! suspended H-waveguide (h/d = 0.6 and 0.8) is still lower than the
:; total loss of a conventional H-guide (h/d = 1) as Figures 48 and 51
> indicated. For h/d = 0.2 and 1 in Figure 51, the dielectric loss .

increases monotonically as a function of frequency.

Figure 52 shows the attenuation constant due to lossy dielectrics

X
11

a function of the normalized free-space wavenumber. Near cutoff, the

in decibels per meter of the E., mode in a single, suspended H-waveguide as
dielectric loss is extremely high but decreases sharply as frequency
increases. For h/d = 0.6 and 0.8, the dielectric loss curves of the

Efl mode in a suspended H-waveguide are very close to the curve of a
conventional H-guide (h/d = 1). The combined total loss,which con-

sists of the dielectric loss and the metal loss, is, therefore, much

less if two dielectric layers are inserted since the metal loss of a
suspended H-waveguide is very low as compared to that for a conventional H-
waveguide. In Figures 50 and 52, the total loss of the E{l mode is

lowest when the ratio h/d is about 0.6.
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In Figures 48 to 52, it appears that the dielectric losses
dominate the total loss figure. However, in practice, the surface
conductivity at the millimeter wavelength becomes lower [35], and the
metal losses become higher. The impact of the suspended H-waveguide
should be more profound since the control of the metal losses becomes

very important at the millimeter wavelengths.
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5. APPLICATIONS

The amergence of the dielectric-based millimeter-wave integrated
circuits requires the development of a totally new class of dielectric
components. In a conventional microwave circuit, discrete components
are connected together by many types of connectors to form a complete
system. At the millimeter-wave frequency, a circuit involving many
discrete components 1is usually very expensive and cumbersome. Also,
losses due to connectors are usually high.

A dielectric-based millimeter-wave integrated circuit, on the
other hand, usually consists of a common ground plane or a common
substrate on which the guiding structure and associated components
are located. The use of connectors in the circuit is strongly dis-
suaded. A prime consideration from the structrual viewpoint in a
millimeter-wave circuit is the adaptability of the guiding structure
for other circuit components. By appropriate manipulations of the
basic guidinglstructure, many components can be constructed cheaply and
efficiently. For the image guide, insular guide and inverted strip
guide, many of those components have been introduced. Applications,
such as dielectric resonators [36], directional couplers [37],[38],
ferrite isolators [39],(40], phase shifters [41], and leaky-wave
antennas [42],[48], have been published in the literature. Other
components in which the basic guiding structure has been modified

to perform a particular function are described in this section.
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5.1 Cylindrical Dielectric Disc Resonators

Because of the unique arrangement of the dielectrics in a sus-
pended H-waveguide, a cylindrical disc resonator can be constructed as
described in Figure 53a. A circular dielectric disc of the same
height as of the dielectric core is sandwiched between two dielectric
ingulating layers. Because of the metal enclosure, the dielectric
disc is locked securely in place and no bonding material is needed.

The dielectric constant of the disc can be different from that of the
guiding dielectric core allowing the use of high-permittivity materials
for high-Q applications.

The traditional techniques for analyzing the cylindrical dielec-
tric resonators have been based on the open-circuit boundary (magnetic
wall) model [44]. Simultaneous applications of the perfect and im-
perfect magnetic walls resulted in a better prediction of the resonant
frequehcy {45]. Konishi et al. [46] introduced a more complicated
method based on the variational procedure and predicted the resonant
frequencies within a 1 percent accuracy of the experimental data. Itoh
[47] applied the technique originally developed by Marcatili [18] for

analyzing the propagation constants of a rectangular dielectric wave-

yft guide to accurately predict the resonant frequencies of the TEgl6 mode.
The simple analytical technique described by Itoh is used here

‘ to analyze the resonant structure shown in Figure 53a. To conform

to the waveguide parameters used in previous sections, the structure
adopted for analysis with familiar dimensional parameters is depicted

as Figure 53b. The dielectric constant of the disc is much higher
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Ground Plane
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Figure 53. (a) Cylindrical dielectric disc resonator.

(b) Structure adopted for analysis.
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than that of the dielectric insulating layers. When € and €y = 1 and
the substrate thicknesses t and 1 approach infinity, the structure to
be analyzed becomes the resonator in free-space in [44]-[46].

In a high Q resonator, most of the electromagnetic energy is
stored in the disc (region 2) and decays exponentially in regions 1,
3 and 4. Much less energy is concentrated in the corner (or the shaded)
regions. Consequently, only a very small error is introduced if the
matching of the tangential fields is applied to the boundaries of
region 2 only. The corner regions will be ignored entirely. Assuming
no circumferential variation, the vector potential that has a single

component in the y-direction can be written as

sin[kg})(y-d)]
Al o Jo(kbir) region 1 (42a)
cos[ky (y-d)]
J (k_,r)| region 2 (42b)
¢ = 4 [Azsin[k(z)y] + Ascos{k(a)y]] o pi
y Ko(kpor) region 4 (42¢)
sin[k§3)(y+l)]
A, 3y Jo(kpit) region 3 (42d)
cos[k (y+1)]
| y
where
2
2 _ . () 2
elko ky + kpi
2 _ . (2) 2
ezko ky + kpi

2 _ .3 2
e3k° ky + kpi

2

K2 e k(® ok
o y po
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€)» i =1,2,3,are the relative dielectric constants of the respective
regions: ko = mo/E;E: = free-space wavenumber; Al’AZ'AB and A4 are the
unknown amplitude coefficients; and Jo and ko are the Bessel and the modified
Hankel function of the second kind of order zero, respectively. The

upper line in the brackets in Eqs. (42a) and (42d) is for the TE' mode

while the lower line is for the TM mode. All field components can

be derived from (42) [48]. With no circumferential variation, E, =

y

Ep = H¢ = 0 for the TE mode, whereas Hy - Hp = E¢ = 0 for the TM mode.

By matching the tangential fields at r = a, -h <y < h and at y = =h,

0 <r < a, the following coupled characteristic equations are obtained.

TEY mode:

kpoKo(kpoa) Jl(kpia) + kpixl(kpoa) Jo(kpia) =0 (44)

and

Equation (31)

TMy mode:

ezkpoko(kpoa) Jl(kpia) + kpixl(kpoa) Jo(kpia) =0 (45)
and

Equation (27)

The resonant frequencies of each mode are obtained by solving the
respective set of two characteristic equations simultaneously. The
mode designation for the TE and the TM modes are TEomn and TMomn’
respectively. The first index is zero since there is no circumferen-

tial variation; the second index represents the order of the roots in

|
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the radial direction; and the third index indicates the number of field
maxima of the dominant electric field in the y-direction. For example,
TEOll is the dominant mode instead of ngls as described in Reference
[46].

The resonant frequencies of the TEOll mode plotted as a function
of the geometrical dimensions are showmn in Figure 54. Figure 55 is
a special case when the substrate's thickness approaches infinity and
€)s€5 = 1. The numerical results predicted by the present method
agree well with the experimental results published by Konishi et al.
[46]. By comparing the resonant frequency curves in Figures 54 and
55, it is obvious that the removal of the dielectric substrates and
the ground planes only causes a small change in the resonant frequen-
cies of the structure. Since the dielectric constant of the dielectric
cylindrical disc is much higher than that of the substrate, most of
the energy is concentrated in the disc. In the substrate regions, the
fields decay.extremely fast. Consequently, the removal of the dielectric
substrates has a minimal effect on the resonant frequences of the
structure,

Figure 56 shows the curves of the resonant frequencies of the
TMOll mode in a cylindrical disc resonator as a function of the geomet-
rical dimensions for two different values of the dielectric constants

of the disc (e2 = 35 and 88).

5.2 Dielectric Ring Resonators
This section describes two novel dielectric ring resonators that

can be efficiently integr.ted into a dielectric-based MMW-IC to provide
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Figure 54. Resonant frequencies of the TEOll mode.
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Figure 55, Resonant frequencies of the TEOll mode.
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Figure 56. Resonant frequencies of the TMOll mode.
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filtering effects. They are particularly useful in a system that
employs the suspended H-waveguide as the guiding medium. Figures 57
and 58 show the top views of these resonators and the equivalent
signal flow-graph schematics. The shaded regions in Figures 57a and
58a are the waveguide media, such as the dielectric core of a suspended
H-waveguide. The metal side walls at ports 3 and 4 are short-circuit
terminations. The resonant effect is due to the standing wave created
by these terminations. The signal flow graph analysis [49] will be
applied to the scattering equations to predict the frequency response
of these resonators. The following assumptions are made in our
formulations: (a) all guides have identical characteristic impedances,
{b) the directional couplers have infinite directivity, and (c) the
resonators are perfectly matched.

With these assumptions, the frequency responses of the resonator
structure shown in Figure 57 can be approximated by the flow graph

analysis as follows:

t(l - e-Zle . (46)

S -
I 21 1 - tze-ZYQ

and

2 -vy2
Ce (47)
1 - tze-ZYl

] -

where t,c = transmission and coupling coefficients of the directional
coupler
Y= a+ jkz, complex propagation constant in the half-ring

2 = mean length of the half-ring (see Figure 57a).
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Figure 57. (a) Dielectric ring resonator.
(b) Equivalent signal flow graph schematic.
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(pec) Wall

(pec) Wall

(a)

( b ) HP-280

Figure 58. (a) Dielectric ring resonator.
(b) Equivalent signal flow graph schematic.
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kz is approximated by the propagation constant of an uncoupled straight
guide. o, which is the attenuation constant in the ring, is comprised
of the dielectric loss, metal loss and radiation loss. These losses
were discussed in Chapter 4. For a symmetric coupler, the transmission

and coupling coefficients are given as {50],[51]

t = cos ¢ e-j¢/2 (48)
c = jsin¢ e-jd’/2 (49)
where
k -k
6 = I z,even > z,odd] zc (50)

and lc is the effective coupling length. t and c can be calculated either
by the mode-matching or the effective parameter techniques. For a
nonsymmetric coupler, it is usually impossible to predict t and c. In
this case,'an effective coupling factor must be experimentally deter-
mined before the frequency response can be calculated. The resonant
conditions of this filter occur when |S,,| = 0. From Eq. (46), this

corresponds to

A
gxn—zﬁ , n=1,2,... (51)

where Ag is the waveguide wavelength at the resonant frequency.
The filter shown in Figure 58a is also analyzed by the signal

flow graph technique. From Figure 58b, the scattering parameters for

this structure can be derived as
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-4y
s,,| = |<te ) (52)
21 1 - cze-éyl

tZe-Zyz

1- cze-bYE

ISyl = (53)

where £ is the length of the curved section on each arm of the resonator

(see Figure 58a). At resonance, |821| = (0, which corresponds to
1
L7 (a+3)A y n=1,2,... (54)

For both resonator configurations, a quick glance at the frequency
response expressions raveals that 521 has the characteristics ¢f a band-
reject filter, while Sl,1 behaves like a band-pass filter. With an
additional directional coupler at the input port, rhese resonators can

be used either as a band-pass or as a band-reject filter.
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T 5.3 Suspended H-Waveguide Leaky-Wave Antennas

Another possible application of the suspended H-waveguide is the

R ——
P

bl

leaky-wave antenna. The waveguide structure can be converted into a
leaky-wave antenna (or a periodic band-reject filter) by edging
periodic narrow slots on the top metal surface along the propagation
direction. The geometry of the leaky-wave antenna is shown in Figure
59a. This antenna is frequency scannable simply by varying the
operating frequency, and can be flush-mounted. Since a complete

investigation of this antenna is beyond the scope of this thesis,

A & & %
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Figure 59. (a) Leaky-wave antenna.
(b) Structure adopted for analysis.
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only the formulation of the eigenvalue problem for finding the complex

propagation constants in the structure is presented.

The analysis is based on the spectral domain approach in which
the Galerkin's procedure 1s applied in the Fourier transform domain.

A dual formulation for an image guide leaky-wave antenna and a band-
reject filter has been published recently [52},[53].

As a first step to solve this problem, the dielectric core is
transformed into an infinite slab in the x-direction via the effective
parameter technique described in detail in Section 2.2. The cross
section to be analyzed is shown in Figure 59b. Only the LSM mode
will be considered here even though the same procedure can be applied
to the LSE' mode.

Because of the perfiodicity of the structure, the vector potential
and all field components must consist of all space harmonic terms.

For the LsSM’ mode, the Hertzian potential and the field components of

interest are

1€ =5 L ¢, (x.y) exp(-ik, 2) (55)
Nn=acw
33§ )
E, V3, 3y nz_“ ¢, (x,y) exp(-jk 2) (56)
Heve, 1 4.(xy) exp(-gk, 2) (57)

n=-
where kzn is the propagation constant of the n-th space harmonic and

is related to that of the fundamental mode by

- - Eﬂ = * v
kzn kz ja + d » n 0,21,22 (58)
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where kz is the propagation constant of the fundamental mode, a is
the attenuation constant of the structure, and d is the periodic slot
spacing. It should be mentioned that the propagation constant of the
n-th harmonic is different from other harmonics, but the attenuation
constant is the same for all harmonics.

In the spectral domain, the potential as well as the field com-
ponents are Fourier transformed via

©
Falleo) = | 8,0 exp(gien) ex (59)

where $n satisfied

2 2
[33-4”]$J§y)-0 . 1=1,2,3,4 (60)
dy ’

From now on, the symbol~ will be understood as being the Fourier trans-
form of the quantity without {it.

The appropriate solutions for the above differential equation are:

¢(1) - Rn exp(n(l)(y-h-d—l)) s Y>h+d+l (6la)

¢(2) in sinh(n(z)(y-h-d)) + En cosh(n(z)(y-h-d-))' h+d<y<h+d+l (61b)

6 a5 stan(r P (y-m)) + £ coshnP g-n))  , heyeed  (610)
4{Y = §_ cosn(n®y) » O<y<h (61d)
where
2
L I
X zn o
2

(2) 2

= 2 _ 2 (62)
n X + kzn elko
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2

M2 _ 2, .2 .2
n k2w k2 - el
W 2 2 2
n a k™ + k -c.k

x zn 30

*
In (64), 1 is the effective permeability of the ™ mode in region 2.

~

An,...,?n are the n-th harmonics of the transformed potential in each
region. Since the boundary conditions with respect to the x-coordinates
are defined for all x's in the space domain, they will be defined for

all kx's in the transform domain, i.e.,

aty=h : ﬁia) = ﬁi3) (63a)
FARAE1C) (63b)
z z
at y = h+d ﬁi3) = ﬁiz) (64a)
g3 . (64b)
z 2z
at y = h+d+l : §£2)= Eil) = Ez(kx) (65a)
(1) _ =(2) _ 3
Hx - Hx Jz(kx) (65b)

where Ez(kx) and 3z(kx) are the Fourier transforms of the unknown
; tangential electric field Ez(x) in the slots and the unknown current

Jz(x) on the metal portion, respectively, i.e.,

L"‘

- L/2

= Ez(kx) = I Ez(x) exp(jkxx) dx (66)
[ -L/2

55 The z~-dependence is not affected by the Fourier transform and has
-

been excluded to obtain simplified expressions. Since Ez(kx) is

periodic, we have [54]
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E,(k,,z) = ,,z...zm(kx) exp(-jk_ 2) (67)
or
- 1 V.
Ez.n(kx) =3 Io Ez(kx,z) exp(jkznz) dz (68)

W is the width of each slot and Ezn are the space harmonics of the
surface slot field Ez‘ Using (67) and the boundary conditions (63a)-
(65a), the unknown harmonic amplitudes can be expressed in terms of

space harmonic Ez n(kx)' Finally, the last boundary condition (65b)

is enforced to obtain the following expression for 32.

J (k) = nz.:’“(k"'kz“) Ez,n(kx,km) exp(-ik, _z) (69)
where the
1 eln(l)[Plsinh(n(z)z) + chosh(n(z)z)]
Cn(km,kzn) = ——-——k ) 1- 2 5 P
zn" n [cosh(n ""2) P1+ sinh(n*""2) "2

and
P, = el{ezn(4)cosh(n(3)d) sinh(n(é)h) + e3n(2) sinh(n(3)d)cosh(n(4)h)}

(4)
P, = n(z)ieg-ﬂzgy sinh(n(a)d) sinh(n(3)h) + eze3cosh(n(3)d)cosh(n(4)h)}
n

Before applying the Galerkin's procedure, the unknown Ez(kx) is

expanded in terms of known basis functions, i.e.,

M
E,(k ,2) = mzl a, B, (k2) (70)

where a is the unknown constant, and the basis functions must be chosen
such that in the space domain they are non-zero only in the slots.

For the LSMy mode, the basis functions can be chosen as




From (68), (69) and (70), the transform of the unknown current becomes:

© M

3,k »z) = nZ.g 2 a n(kx,kzn) E m.n(KgoKpn) exp(=3k, 2)
2 J n(kx22) exp(-jk, z) (72)
n..“

where Ez m.0 and 3n are the amplitude coefficients of the n-th space

harmonic of Ez,m(kx,z) and Jz(kx,z), respectively. Ez,m.n is given by

~ 1 (Y-
B, nn(5erben) = 3 L E, a(kr2) exp(3k, 2) de

cos(ka/Z) sin(kznw/Z)

~v(2m-1) k
03 (2e-nn?  k, wi-e@-nn?

(73)
Now, over a unit cell, the Galerkin's procedure is applied by taking the
- %
inner product of Jz and Ez s for different values of s and sum over

all n. The following matrix equation is obtained.

a=] | ne=c n X zn Z,My,0 X 2zn z s,m X m

M oo -]
s=1,2,...M (74)

The fact that the left-hand side equals zero comes directly from the

Parseval's theorem, since in the space domain,Jz and Ez are zero in the

P G L S UL WY
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complementary regions. A nontrivial solution for a, exists only if
the determinant of (74) equals zero which is also the eigenvalue
equation that determines the phase constant of the dominant space
harmonic. If only one term of the slot field distribution is taken
into account, the complex propagation constant is then obtained from

the following eigenvalue equation.

Lt

The solution for the complex propagation constant of the funda-

2

E, 1alkek, )| dk =0 (75)

mental mode can be obtained by a numerical procedure which searches
the roots of (74) within some numerical tolerance [52]. Since all con-

stituents of (74) and (75) are symmetric with respect to real kx, the

integration need be carried out only along half of the kx axis., More-
;' over, according to Reference 52, there appears to be little or no

contribution to the expression beyond a certain value of kx’ and the

l' integration can be truncated accordingly. The range of !nl in these
E expressions can be as small as 2 [52].

The real part of the propagation constant controls the main beam

o v

direction while the attenuation constant a determines the beamwidth

v

and aperture efficiency. It accounts for the radiation loss and is

strongly influenced by the size of the slots. Since the amplitude ratio

Ao St
-

of each element in the slot arrays is determined by «, the radiation

pattern in the plane that contains the longitudinal axis of the

YTy
BN R

antenna can be computed readily. The radiation pattern in the trans-

-

verse plane can be approximated by that of a slot antenna. The

P
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angular direction of the leaky beam measured from broadside in the

y-z plane is approximated by
6 = sin ‘(Re(k_ /k )) (76)
n zn’ o

This equation can be used as a tool to determine the relationship
between the main beam direction and the periodic spacing d of the slot.
For antenna applications, the structure's parameters are usually designed

such that only the n = -1 space harmonic will radiate.

5.4 Horn Dielectric-Filled Leaky-Wave Antennas

The antenna described in this section is designed for integration
with the millimeter-wave circuits that employ the image guide or the
trapped image guide as the guiding medium. In this structure, the
dielectric guide with periodic perturbations on top is embedded in a
rectangular trough with metal flare attached along each side as shown
in Figure 60. With this arrangement, the antenna behaves like a linear

array in the longitudinal (or E-) plane which is the plane containing

the longitudinal axis of the antenna. In the transverse (or H-) plane,
the radiation pattern resembles that of a horn. Unlike the periodic
slots of the antenna described in the previous section, the periodic
perturbations in this antenna structure are metallic strips which are

painted directly on the dielectric guide. These perturbations cause

Y e e e Al
REC 2NN P ¥

the guided-wave energy to radiate off the dielectric guiding structure.
Each of the strips behaves like an element of a linear array. A

complete discussion of this antenna structure can be found in Reference

M AL SICNE Sl ety
.'.} 4 2w 4.
. St e e

[{26]. Some excerpts from that reference are presented here.
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Figure 60. Horn dielectric-filled trough leaky-wave antenna.
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i%! At each strip, it is desirable that the rate of energy radiated
L

ff be small. Thus, a portion of the guided-wave energy will propagate

% through the entire antenna length, which implies a larger aperture.

But equally important, the guided energy should be completely radia-
ted by these strips so that there is no energy left at the antenna
truncation which would radiate endfire. Experiments show that the
rate of energy radiated along the dielectric leaky-wave antenna struc-
ture is strongly influenced by the width of the perturbation strips on
the top surface of the dielectric guide.

For very narrow strip widths, the radiation from each element is
so small that a very long antenna has to be constructed to radiate all
energy in an effective manner. On the other hand, if the metal strips
are too wide (>0.5 kg). the bulk of radiated energy is produced by the
first few strips and, consequently, the effective aperature is very
small. Also, for large strip widths, the sidelobes are very high, due
probably to the large mismatch at the first strip.

It is well-known that if the attenuation rate of the traveling
wave in the z-direction due to the energy leakage at the leaky-wave
region of the antenna is a constant (neper/m), the radiation pattern

. is not symmetric about the main beam direction. Therefore, the energy
transfer from the leaky beam to the surface wave, and vice versa, is
not optimum [55). A suitable modification of the geometry in the
leaky-wave region of the antenna should be made to obtain a slowly
varying leaky rate to increase the conversion efficiency [56]. If

the variation of the strip width is correct, all the surface energy
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will convert into a symmetric leaky beam (and vice versa). This can
be done by tapering the size of the periodic scatterers [55] as
shown in Figure 61. Since the mechanisms of perturbation and radiation

are not clear, only the widths of these metallic strips were experimentally

investigated. The width of the m-th strip is found from the

following empirical relation:

(0.15 + 0.015(m-1)) Xg’ m < 18
W = an

0.4 Ag ’ m > 18

where Ag is the guided wavelength. For slight perturbation, the real

. part of the propagation constant of the structure is approximated by

that of an unperturbed structure.

For periodic strip spacing, the angular direction 9; of the leaky- |
wave beam measured from broadside is approximated by Eq. (76), which

for clarity, is given again as

, -1
8! = sin (Ao/xg + nlo/d) (78)

e Ty

LT T A

where d is the perturbation spacing between the centers of two adjacent
strips, Ao is the free-space wavelength, and n is the index of the

space harmonic (0,*1,#2,...). For the antenna applications, the structure's

S RN

parameters are usually designed so that only the n -1 gpace harmonic

will radiate, and all the energy will be radiated through this harmonic.

The antenna is frequency scannable if IAO/Ag + n) /d|<l. For a broadside

array, d should be made equal to the guided wavelength Ag‘ Figure 62
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Figure 61.
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shows the measured and computed main beam directions as a function of
the frequency. The entire angular scanning range can be shifted more
positively or negatively by changing the perturbation spacing between
the adjacent strips.

In the transverse (or H-) plane, the metal flares are attached
to both sides of the trough to improve the radiation characteristics
in this plane. With Hx as the major magnetic field component in the
dielectric guide, the current element on each metal strip is z-oriented,

and the principal aperture field of the metal flares is E,. Assuming

the structure is infinitely long in the z-direction allows the metal
flares to be modeled as an H-plane sectoral horm [57],[58].

The dielectric guide was designed to fit snugly against the side
walls of the metal trough thus eliminating the need for adhesive
materials which were used to bond the dielectric guide to the ground
plane. The depth of the trough is such that the propagation'constant
of the structure can be determined using the dielectric-~loaded trough
guide model. The height of the dielectric guide is then chosen to
provide single-mode operation. Under these guidelines and constraints,
a dielectric waveguide of dimensions 3.4 x 1.4 mm was constructed.

The trough depth was arbitrarily chosen to be 3.4 mm to simplify the
construction. It was observed that as long as the trough was not

too shallow, the radiation patterns of the structure were almost in-
dependent of the trough depth. The length of the flare horn was

chosen to be 4 cm. Figure 63 shows the comparison between the measured

relative gain of the constructed antenna as a function of the flare angle
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Figure 63. Relative gains of the constructed antenna
and an H-plane sectoral horn versus flare
angle.
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and that of an H-plane sectoral horn. The results of this figure have
confirmed the assumption that the H-plane sectoral horn is a reason-
able model to predict the flare angle for maximum gain in the H-plane.
For the strip width distribution chosen according to (77) and the flare
angle selected from Figure 63 for maximum gain, the radiation patterns
in both the E- and H-planes of the horn dielectric-filled trough leaky-
wave antenna were measured and plotted in Figure 64. The number of
the silver strips on top of the dielectric guide was 32. The half-
power beamwidths (HPBW) in the E- and H-planes are 4°, 13°, respectively.

The antenna was designed for broadside radiation. The consequent
experimental beam angle deviated slightly from the normal direction.
This 1s interesting since the strip width determines the rate of energy
radiated off the guide but does not change the angle of radiation
significantly. The overall gain of the antenna is the product of the
gains in the E- and H-planes and was measured to be 26 dB. The side-
lobe levels were at least 25 dB below the main lobe. Since there is
no endfire radiation detected, it is assumed that most of the radiated
energy is produced by the strip elements.

The main beam level of the antemna is relatively stable through-
out the operating frequency range except at around 84 GHz where it

falls about 2 dB below the reference level (see Figure 65).
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Figure 64, Radiation patterns in the E- and H-planes of
the constructed antenna.
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6. CONCLUSIONS

In this thesis, the field and propagation characteristics of
many dielectric waveguide structures have been analyzed. Both the
mode matching and the effective parameter techniques described in this
thesis are very general and can be applied directly to many planar
dielectric waveguide structures of rectangular cross section. The
theoretical and experimental results agree well throughout. A new
dielectric waveguide configuration--the suspended H-waveguide--has
been introduced along with a detailed loss analysis. The overall low~-
logs figure and a superior structural layout of this waQeguide promise
wider applications in the millimeter-wave integrated circuits. Some
essential integrable components, such as dielectric resonators and
leaky-wave antennas, have been studied. A theoretical formulation of
the eigenvalue equation based on the gpectral domain approach for
determining the propagation constant of a periodic slot waveguide

array has also been presented.
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APPENDIX A

MATCHING OF TANGENTIAL FIELD COMPONENTS AT y = +h

Eight equations resulting from matching the tangential field com-

ponents Ex’ Hx, Ez, and Hz at the planes y = th are

(1) ]
cos|k_ "~/ (x+a) '
Yo o2 ? { xn NYe g (n?
Zo 1% ~ *sm AT L €% = *xn
o sin [k,(n];) (x+a)] n=1
oM Gy, + 1Y) (a-1)
~(1)
M 2 sin[km (x+a)] M 2
D[ - %2 Br 1 [ed - 12
w=0 cos [i'cﬁ;) (x+a)] o=l
3@y + I (a-2)
N -sin[k}(ul‘) (x+a)] M sin(l.c’(c;) (x+a)]
X kzk,(:;) An + z muo E)(':")
n=0 cos [kg") (x+a)} =0 cos {fcg) (x+a)]
(1)
N! 3¢ (x)
- ~(1) - - e’n ]
tan[kym (h d)] B, nzl k, —3— (I, + 1
u = x(1) = =
- ,,.21 Wi kym ¢h.m(x) [-can(kymh) Jul + cot(kymh) J;)] (A-3)
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N cos[kg;) (x+a)
] uee kD cot [k(D) (h-d)| A
neg © 1M ) yn n
sin[k < (x+a)]
(1) ]
cos[k (x+a) '
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J
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. -sin[kii)(x+a)] " sin[ﬁii)(x+a)]
¥ k k¢ K - 3 wu &)

2z Xn n & o ym -
=0 cos[kiz)(x+a)} w=0 cos(kii)(x+a)]

(1)(x)

. tan[i(3)(-h+1) L = }{' k ———(I +1)
ym m z ax

M
= o) - ~ '
+ mZO O, p(¥) (tan(k b) I + cot(k ) 30) (A-7)
N cos[kii)(x+a)]
WE € (3) cot k(3)(-h+i) K
neg © 3 54 (3) yn
sin[k (x+a)]
xn
M cos[i;:)(x+a)} N
+ kziii) Lm = 2 we eik (1)(x)
m=0 [~(3) } n=1 °1lyn e n
-gin|k_"’ (x+a)
b
M' a¢l(‘i)(x)
* (cot(ky h) I + tan(k h) 1)) + I ok, —2— 3 -1
pel 2 x m
(a-8)

The upper line in the brackets indicates the pec wall at x = -a

while the lower line applies for a pmc wall. The ¢(i)(x) and ¢(1)(x),

i =2,4,5, are the x-variation components of the Hertzian potentials

in respective regions (see Eqs. (3), (4), and (5)) €y i = 2,4,5,

is the relative dielectric constant.
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APPENDIX B
COUPLING INTEGRAL TERMS

2 2
2 _  (®?F) (@D 2 _ (@
Pn(\)) - (ko -k ] Kn I,(v) + [ezko -k ]

2
. {Kéc-l) L + KéD-I) I3(v) + [kg - kiz) ] I,(v)

R =KD 1w+ ez{Kéc-I) 1,0 + kP 13(v)} + 1)

1
(4) (G-1) (2) (C-I)
Tn(v) = {-l} kxn l(u 15(\:) +[kxn Kn 16(\’)

- KéD-I) 17(v)] + ki:) Iz(v)

cen2) Ty - oy2
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- 2
- (E-1) 3 (F-J) = 2 =(5)
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W
Iz(v) = [-w cos[kii)x] wél)(x) dx

W
13(v) = f sin[kii)x] wél)(x) dx

-

b
I,() = Iw cos[kiz)(x-b)] vV @) ax

-

sin{ki:) (X+a)]
1 5(v) =

v
-a cos[ki:)(X+a)]

-W

W
I,0) = I s1n[k§§’x>]w§2)(x) ax

W
17(v) =- I ' cos[kii)x] wéz)(x) dx

-w
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LSE modes

il(u),....is(u) are obtained by replacing ki:) in Il(v),...,Is(v)

with €25 4D ) by P, eus.,

u
b sin{iit)(x+a)]
1 (u) = sin E(S)(x—b) dx
8 w Xm ~(1)
cos[kx“ (x+a)]

In these equations, the upper line in { } applies to pec wall (odd
mode) at x = -a, and the lower line to pmc wall (even mode) at x = -a.
ki:) and ii:) are the solutions of the eigenvalue equations (8) and (9).

€-n. ... xF9

kL) and k) are given in (7). K are the coupling
XV xXu n m

terms described in Eqs. (14) and (16).
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